Purpose To create and validate a planning tool for multiple-probe cryoablation, using simulations of ice ball size and shape for various ablation probe configurations, ablation times, and types of tissue ablated. Materials and Methods Ice ball size and shape was simulated using the Pennes bioheat equation. Five thousand six hundred and seventy different cryoablation procedures were simulated, using 1-6 cryoablation probes and 1-2 cm spacing between probes. The resulting ice ball was measured along three perpendicular axes and recorded in a database. Simulated ice ball sizes were compared to gel experiments (26 measurements) and clinical cryoablation cases (42 measurements). The clinical cryoablation measurements were obtained from a HIPAA-compliant retrospective review of kidney and liver cryoablation procedures between January 2015 and February 2016. Finally, we created a web-based cryoablation planning tool, which uses the cryoablation simulation database to look up the probe spacing and ablation time that produces the desired ice ball shape and dimensions. Results Average absolute error between the simulated and experimentally measured ice balls was 1 mm in gel experiments and 4 mm in clinical cryoablation cases. The simulations accurately predicted the degree of synergy in multipleprobe ablations. The cryoablation simulation database covers a wide range of ice ball sizes and shapes up to 9.8 cm. Conclusion Cryoablation simulations accurately predict the ice ball size in multiple-probe ablations. The cryoablation database can be used to plan ablation procedures: given the desired ice ball size and shape, it will find the number and type of probes, probe configuration and spacing, and ablation time required.
Introduction
collecting system, and better intra-procedural monitoring via visualization of the ice ball on CT, ultrasound, or MRI [8] . The mechanism of cell death is a combination of osmotic dehydration from extracellular ice formation, cell rupture from intracellular ice formation, and ischemia from vascular injury [9, 10] .
Typically, the instructions for use for cryoablation probes [11] only provide the size of the ice ball for a single probe at a single ablation time point. For a smaller tumor, a shorter ablation time with a single probe may be required to avoid damage to surrounding structures. For a larger tumor, multiple probes may be required to completely ablate the tumor. Unfortunately, limited information is available on the expected ice ball size for multiple probes and for nonstandard ablation times. In multiple-probe ablation, there is a variable amount of synergy between the probes, which can result in a larger ablation zone than expected [12, 13] .
Cryoablation simulations using the Pennes bioheat equation, which models heat diffusion and tissue perfusion on a 3D grid, can accurately predict the ice ball size in ex vivo and in vivo liver cryoablation [14] . However, accurate simulations are too slow for routine clinical use, and simple ice ball models are inaccurate due to synergy between probes [12] .
Here we create a planning tool for multiple-probe cryoablation that overcomes the limitations of prior approaches by pre-computing the ice ball size for thousands of potential probe configurations and ablation times, using the Pennes bioheat equation. We evaluate whether this approach allows for both rapid and accurate estimation of the ice ball size.
The interventional radiologist tells the planning tool the desired ice ball size (in three dimensions) and the type of tissue being ablated. The planning tool then searches for the closest match in a database of thousands of simulated cryoablation procedures and tells the interventional radiologist the number of probes to use, type of probe, probe spacing, probe configuration, and ablation time. We use several metrics to evaluate this planning tool: speed of generating a treatment plan (seconds), accuracy of ice ball sizes in the database (mm), and database coverage (percentage of tridimensional ice ball sizes with a close match in the database).
Materials and Methods

Cryoablation Simulations
Ice ball size and shape was simulated using the Pennes bioheat equation [14] , which includes heat diffusion and tissue perfusion:
where T is the temperature (°C), t = time (s); k is the thermal conductivity (W/cm/°C); q is the mass density of tissue (g/ml); q b is the mass density of blood (g/ml); c is the specific heat capacity of tissue (J/g/°C), including the specific heat of fusion of water at 0°C; c b is the specific heat capacity of blood (J/g/°C); x is the volumetric blood flow per volume of tissue (s -1 ); and T a is the arterial blood temperature (37°C).
Simulations were performed on a 10 9 10 9 10 cm isotropic 3D grid with 1 mm voxel size, using a standard finite difference method, and published values for tissuespecific thermal conductivity, heat capacity, water content, and perfusion (Table 1 ). Each voxel is assigned a tissue type and temperature, and voxels at 0°C may be partially frozen. The initial and boundary temperatures were set to 37°C. We developed custom multi-threaded software written in C?? to perform the simulations.
Cryoablation Configurations
Five thousand six hundred and seventy different simulations were performed of all possible combinations of: five tissue types (kidney, liver, muscle, fat, and water), two ablation probe types (Galil IceRod Plus 1.5 or IceSphere), 21 probe configurations with up to six probes and 1-2 cm probe spacing (Figs. 1, 2) , and 27 ablation schedules ( Table 2) . Freezing was performed at 100% power. All probes were placed in an axial plane, because this is the easiest plane for placing probes under CT guidance.
For each simulation, axial and coronal images of the ice ball were generated. The ice ball was measured along three perpendicular axes (0 and -20°C isotherms). The distance that the ice ball extended beyond the tip of the probe was also measured.
Comparison to In Vitro Data (Cryoablation in Gel)
Simulated ice ball sizes were compared to experimental ice ball sizes, using experimental data supplied by the manufacturer on 1-4 probe ablations (IceRod Plus and IceSphere) in gel, with 1-2 cm spacing between probes, with a 10 min freeze, followed by a 5 min passive thaw, then followed by a 10 min freeze [15] .
We also evaluated the amount of synergy in multipleprobe ablations and compared the amount of synergy in the experimental data to the simulations. Synergy is defined as the ice ball size in a multiple-probe ablation, minus the expected size based on the union of singleprobe ice balls. For example, if a single cryoablation probe produces a 3-cm spherical ice ball, then in the absence of synergy, two parallel cryoablation probes placed 1 cm apart in the axial plane would be expected to produce a 4 cm (axial, perpendicular to the probes) 9 3 cm (axial, parallel to the probes) 9 3 cm (superior to inferior) ice ball. If the actual ice ball measures 4.2 9 3.5 9 4.1 cm, then there is 0.2 cm synergy in the axial plane (perpendicular to the probes), 0.5 cm 
where T is in°C. For soft tissue, k is based on measurements from 3 to 45°C. For water, the k plateaus above about 65°C. For ice, the linear relationship for k is valid down to -150°C; below that there is a dramatic increase. For frozen tissue, the thermal conductivity of a mixture is the weighted average of the components, based on the mass fraction. Specific heat capacity c = c 0 ? c 1 T, where T is in°C. For ice, the linear relationship for c is valid down to -250°C. For frozen tissue, the heat capacity of a mixture is a weighted average of the individual heat capacities. Specific heat of fusion of water is 333.6 J/g [23] . The specific heat of fusion of tissue is the specific heat of fusion of water multiplied by the water content (w/w). We assume that tissue freezes at 0°C. We assume that blood flow in tissue goes to zero if the tissue is frozen, or has ever been frozen synergy in the axial plane (parallel to the probes), and 1.1 cm synergy in the superior-to-inferior direction.
Comparison to Clinical Data (Cryoablation in Kidney and Liver)
Retrospective evaluation of clinical cryoablation cases was approved by the Institutional Review Board. The probe configuration and ice ball size was examined for all clinical kidney and liver cryoablation procedures performed using Galil IceRod Plus or IceSphere or Endocare PCS-24 probes between January 2015 and February 2016. The probe coordinates and ice ball size (in the x, y, and z directions) were measured on the CT or MRI images obtained during the cryoablation procedure. Cryoablation simulations were performed using the cryoablation probe configuration, the thermal properties of the target organ (kidney or liver), and the ablation time specified in the procedure report.
Statistical Analysis
Average absolute error and the coefficient of determination (r 2 ) between experimental and simulated ice ball sizes (in the x, y, and z directions) was calculated for both in vitro (gel) and in vivo (clinical) experimental data. The standard error of the average error measurement was also calculated.
Planning Tool
We created a cryoablation planning tool, which searches through the 5670 cryoablation simulations to find the probe spacing and ablation time that produces the desired ice ball shape and dimensions. Simulations with gaps in the ice ball between probes are excluded from the search results. The planning tool was evaluated for speed and coverage. To determine coverage, the average and maximum error between the desired ice ball size, and the closest match produced by the planning tool was calculated, for any desired ice ball size a 9 b 9 c cm (where each dimension is between 3 and 6 cm). The cryoablation planning tool was written in Javascript and is available for free on the web (http://www.edboas.com/calc/cryo/). 
Results
Comparison to In Vitro Data (Cryoablation in Gel)
The cryoablation simulations accurately predicted the size of the ice ball in gel experiments, with r 2 = 0.98 (Fig. 3) . Average error between the simulated and experimentally measured ice balls was 1.1 mm (26 measurements). The range of errors was 0-2.9 mm; median error was 1.0 mm; and the standard error of the average error measurement was 0.2 mm.
We also tested whether the simulations could predict the amount of synergy in a multiple-probe ablation. Experimentally, the ice ball in a multiple-probe ablation was up to 1.2 cm bigger than expected (based on the single-probe ice ball size), due to synergy between the probes. The amount of synergy depends on the number of probes, spacing between probes, and the type of cryoablation probe. The cryoablation simulations accurately predicted the degree of synergy between probes (Fig. 4) .
Comparison to Clinical Data (Cryoablation in Kidney and Liver)
Fifteen cryoablation procedures met the inclusion criteria. 1 MRI-guided liver cryoablation procedure was excluded due to inability to distinguish the positions of adjacent probes. The remaining 14 procedures consisted of 3 MRIguided liver cryoablation procedures and 11 CT-guided renal cryoablation procedures, using 1-6 probes per procedure.
The cryoablation simulations accurately predicted the size of the ice ball in clinical cases, with r 2 = 0.87 (Figs. 5, 6 ). Average error between the simulated and measured ice balls was 3.5 mm (42 measurements). The range of errors was 0-10 mm; median error was 3.5 mm; and standard error of the average error measurement was 0.4 mm.
Planning Tool
The cryoablation simulation database covers a wide range of ice ball sizes and shapes up to 9.8 cm, with aspect ratios (long axis length/short axis length) ranging from 1 to 3.7. For any desired ice ball size a 9 b 9 c cm, where each dimension is between 3 and 6 cm, there is always a match in the database within 0.9 cm, and the average match is within 0.2 cm. In other words, the database has 100% coverage of all tridimensional ice ball sizes between 3 and 6 cm, to within 0.9 cm. Thus, the database includes a wide range of spherical, prolate spheroid (cigar-shaped), and oblate spheroid (pancake-shaped) ice balls. Smaller subsets of the full database resulted in less coverage (Fig. 7) . The planning tool is available for free on the web (Fig. 8) . Average search time is 0.34 s (including retrieving axial and coronal images of the simulated ice ball), when accessed from a computer 2500 miles away from the web server. For comparison, a single 25-min cryoablation procedure takes 35 min to simulate on a modern 4-core CPU.
Discussion
We show that cryoablation simulations can accurately predict the ice ball size in multiple-probe ablations. In particular, there is a variable amount of synergy between probes, which is accurately predicted by the simulations. Ice ball size in gel was predicted with an average error of 1 mm, and ice ball size in clinical kidney and liver cryoablation procedures was predicted with an average error of 4 mm. The higher error in clinical procedures could be due to several factors, including inaccurate perfusion estimates in kidney and liver, local variations in perfusion due to large vessels [16] or surrounding fat, patient motion, and measurement error in the z-direction due to the CT or MRI slice thickness (5 mm in all cases).
We also present a new strategy for planning cryoablation procedures. Our strategy combines the accuracy of cryoablation simulations using the Pennes bioheat equation Currently supported tissue types are muscle, liver, kidney, fat, cortical bone, water, air, and steel (in the cryoablation probe) [14] , with the speed of using a large pre-computed database of simulated cryoablation procedures. Given the desired ice ball size and shape and the organ to be ablated, the planning tool will search the database for the number and type of probes, probe configuration and spacing, and ablation time required. The database has good coverage over a wide range of desired ice ball sizes. Experienced users may already have an intuitive feel for how certain cryoablation probes will behave and might have less use for this planning tool. However, less experienced users, or experienced users using an unfamiliar type of ablation probe, should find utility in this database, which shows how different cryoablation probes perform under a wide variety of conditions. Less experienced users of radiofrequency ablation have a higher complication rate and a lower complete ablation rate [17, 18] , and experience might also affect outcomes after cryoablation [19] . Future studies should examine whether planning tools help reduce complications and local recurrences, especially for less experienced users.
There are several limitations of the current study. The cryoablation simulations take into account the thermal properties of different types of tissue, the temperature dependence of thermal properties, and cold sink effects due to small vessel perfusion [20] . However, they currently do not model cold sink due to large vessels, which can result in incomplete ablation around the large vessel [16] . We assume that thermal conductivity and specific heat capacity have a linear temperature dependence, which might not be accurate for extremely cold temperatures, and in some cases, we did not have any data on the temperature dependence. The simulations assume uniform tissue properties in the ablation zone. In reality, the surrounding fat, muscle, or hydrodissection fluid has different thermal and perfusion properties compared to the ablated organ, and the tumor being ablated might also have different properties compared to normal tissue. Finally, even though the database contains thousands of different probe configurations and ablation times, it is still not comprehensive.
Future work should evaluate the utility of this planning tool in a clinical setting. In particular, the impact of this tool on procedure time, ablation margins, complications, and number of probes used should be examined. Future versions of the tool could overlay the planned probe positions onto the pre-ablation CT or MRI images, include more probe types, model large vessel cold sinks, and allow for interpolation between different probe positions or ablation times.
